High-fat feeding reduces the expression of GLUT-2 and the glycolytic enzyme glucokinase (GK). The transcription factor, pancreatic duodenal homeobox-1 (Pdx-1), is important for b-cell maintenance. The aim of the present study was to determine, in weanling Wistar rats, the effect of a maternal high-fat diet (HFD) during defined periods of gestation and lactation, on body weight, circulating glucose and insulin concentrations, and the expression of GLUT-2, GK and Pdx-1. At postnatal day 21, weights were recorded and glucose and insulin concentrations were measured. The expression levels for mRNA were quantified by LightCycler PCR. Pancreatic sections, immunostained for GLUT-2, GK or Pdx-1, were assessed by image analysis. Weanlings from dams fed an HFD throughout gestation were lighter, with heavier weanlings produced from dams fed an HFD throughout gestation and lactation. Both these groups of weanlings were normoglycaemic, all the others being hyperglycaemic. Hypoinsulinaemia was evident in weanlings from dams fed an HFD throughout gestation only and also for either the first week of lactation or throughout lactation. GLUT-2 mRNA expression was reduced and GLUT-2 immunoreactivity was increased in most of the weanlings. GK mRNA expression and immunoreactivity was reduced in most of the offspring. Pdx-1 mRNA expression was increased in weanlings from dams fed an HFD throughout both gestation and lactation and reduced in those from dams only fed a lactational HFD. Normal Pdx-1 immunoreactivity was found in all of the weanlings. A maternal HFD induces hyperglycaemia in weanlings concomitant with reduced GK expression which may compromise b-cell function.
Glucose is transported into cells by facilitated diffusion, which involves binding of glucose to glucose transport proteins (Thorens et al. 1988) . GLUT-2 has been shown to be localised in rat pancreatic islets, primarily to the microvesicular patterns of b-cell membranes adjacent to neighbouring endocrine cells (Orci et al. 1990 ). The high-K m glucose-phosphorylating enzyme glucokinase (GK) is expressed in the b-cells where it regulates pancreatic glucose sensing (Matschinsky, 1996) . In the mature b-cell, GK regulates glucose homeostasis by catalysing the conversion of glucose to glucose-6-phosphate, after glucose is transported into the b-cell by GLUT-2. Pancreatic duodenal homeobox-1 (Pdx-1), which is expressed in adult b-cells, regulates the transcription of the insulin (Ohlsson et al. 1993) and GLUT-2 (Waeber et al. 1996) genes. Pdx-1 is considered to be the master regulator of pancreatic development and b-cell differentiation and is important for b-cell maintenance (Cerf et al. 2005a) . It has a dual role as an inducer of the endocrine lineage from ductal epithelial cells and in the maturation of b-cells (Hill & Duvillie, 2000) .
A high-fat diet (HFD) has been linked to the development of obesity, insulin resistance and type 2 diabetes (West & York, 1998; Kim et al. 2000) . A long-term (48 weeks) challenge of C57BL/6J mice with an HFD was reported to lead to hyperglycaemia, hyperinsulinaemia, hyperlipidaemia and hyperleptinaemia (Mulder et al. 2000) . High-fat feeding of 4-week-old rats, for a period of 10 weeks, has previously been shown to induce hyperglycaemia, reduce insulin concentrations and decrease the expression levels of both GLUT-2 and GK mRNA (Kim et al. 1995) . Exposure of isolated rat islets to palmitic acid has been reported to induce a 70 % decrease in Pdx-1 mRNA and protein expression as well as a 40 % decrease in the binding activity of Pdx-1 for its cognate cis-regulatory elements of GLUT-2 and a 65 % decrease for the insulin promoter (Gremlich et al. 1997) . The effect of palmitic acid on Pdx-1 was correlated with decreases in GLUT-2 and GK expression both at mRNA and protein level (Gremlich et al. 1997) .
The thrifty phenotype hypothesis proposes that poor fetal and infant growth increases the risk of developing impaired glucose tolerance and the metabolic syndrome in adult life (Hales et al. 1991; Hales & Barker, 1992; Barker et al. 1993) . During late gestation and early neonatal life, most b-cells are formed by neogenesis Bouwens et al. 1994; Kaung, 1994; Upchurch et al. 1994) . It has also more recently been suggested that the lactation period may be critical for metabolic programming in offspring from dams fed a low-protein diet (Heywood et al. 2004) . It was decided, therefore, in the present study, to investigate the effect of a maternal HFD on body weight, circulating glucose and insulin concentrations and on the expression of GLUT-2, GK and Pdx-1 in weanling offspring.
Methods and materials

Animals and research design
Animals were maintained as previously described (Cerf et al. 2005b) . Pregnant rats were fed an HFD for defined periods of gestation and/or lactation, and after lactation, their 3-week-old weanling offspring were studied. The experimental groups consisted of weanlings from dams fed an HFD throughout gestation only (HF-G), throughout gestation and for either lactation week 1 (HF-G þ L1), or week 2 (HF-G þ L2), or week 3 (HF-G þ L3), or for all 3 weeks of lactation (HF-G þ L). A final group of weanlings was from dams fed an HFD throughout lactation only (HF-L). The control group was represented by offspring from dams maintained on a standard laboratory diet throughout both gestation and lactation. The standard laboratory diet (10·92 kJ/g) comprised 10 % fat, 15 % protein and 75 % carbohydrate while the HFD (8·65 kJ/g) contained 40 % fat (as energy, mostly derived from saturated animal fat), 14 % protein and 46 % carbohydrate. At postnatal day 21, each of the pups was weighed and anaesthetised by intraperitoneal injection with 0·1 ml ketamine hydrochloride (10 mg/ ml; Parke-Med, Cape Town, South Africa). Circulating glucose and insulin concentrations were measured and pancreatic tissue was excised and either snap-frozen, in liquid N 2 , for storage at 2 808C for LightCycler PCR or formalin-fixed for immunohistochemistry and image analysis.
Circulating glucose and insulin concentrations
Blood glucose concentrations were measured with a glucometer (Precision QID; MediSense Inc., Abingdon, Oxfordshire, UK) and the serum insulin concentrations were determined using a Rat Insulin RIA kit (Linco Research Inc., St Charles, MO, USA).
LightCycler polymerase chain reaction RNA was isolated from 21 d old weanling pancreata (ten per group) using an RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). cDNA was synthesised from RNA isolated from the pancreata (First Strand cDNA synthesis kit AMV; Roche Diagnostics GmgH, Penzberg, Germany) and used for the subsequent RT-PCR experiments. Primers were designed, using the Primer3 (2005) website, and were produced and purified by PAGE-HPLC (IDT, Coralville, IA, USA). The primer sequences were as follows:
GLUT-2 forward: 5 0 -cag tgg agc gtg aag aca aa -3 0 ; GLUT-2 reverse: 5 0 -agg gaa gga gaa ggt gaa gc -3 0 ; GK forward: 5 0 -cag tgg agc gtg aag aca aa -3 0 ; GK reverse: 5 0 -agg gaa gga gaa ggt gaa gc -3 0 ; Pdx-1 forward: 5 0 -gct gga gct gga gaa gga at -3 0 ; Pdx-1 reverse: 5 0 -cgt tgt ccc gct act acg tt -3 0 .
Porphobilinogen deaminase (PBGD), one of the LightCycler housekeeping genes recommended by the manufacturer, is expressed in a broad range of tissues (Grandchamp et al. 1987 ) at a relatively stable expression level and has no known pseudogenes:
PBGD forward: 5 0 -gca tac aga ccg aca ctg tgg -3 0 ; PBGD reverse: 5 0 -ctc tgg caa ggt ttc cag gg -3 0 .
PCR products were detected using SYBR green (Stratagene, Amsterdam, The Netherlands). Relative quantification of the genes was done after LightCycler PCR using the RelQuant software (Roche Diagnostics, Mannheim, Germany). Normalisation was achieved using PBGD as a reference against the expression level of the genes investigated. The mRNA expression of the control group was taken as 1, with sample readings .1 indicative of overexpression and , 1 representing underexpression of a particular gene.
Immunohistochemistry
Slides of serial sections were transferred to 50 mM-tri(hydroxymethyl)-aminomethane-buffered saline (TBS), pH 7·4, in a staining jar and were immunostained using avidin D-biotinylated horseradish H complex (Vectastain; Vector Laboratories Inc., Burlingame, CA, USA). The sections (six per group) were incubated in 0·228 % periodic acid in distilled water for 5 min followed by washing for 10 min in TBS and incubation in 1:20 diluted normal goat serum (NGS) for 20 min. The primary antibody (to GLUT-2, GK or Pdx-1) was then applied to the sections for either 30 min (GLUT-2) or overnight (GK and Pdx-1). After washing the sections in TBS for 10 min, rabbit biotinylated antibody (Vectastain) was added for 30 min, followed by another 10 min wash in TBS. The sections were then incubated in avidin D-biotinylated horseradish H complex (Vectastain) for 60 min. The peroxidase marker was revealed by incubating the sections for 5 min in a 0·05 % enzyme substrate solution of diaminobenzidine tetrachloride (DAB; Sigma, St Louis, MO, USA) containing 0·01 % H 2 O 2 . The sections were counterstained in haematoxylin for 1 min. Method controls involved replacement of the primary antiserum with NGS. The above protocol was standardised for GLUT-2 where 1:100 rabbit anti-rat GLUT-2 (WAK-Chemie, Bad Soden, Germany) was applied for 30 min as the primary antibody. For immunolabelling with GK (1:1000; kindly donated by Dr H. Vertigan, CVGI Discovery Department, AstraZeneca, Cheshire, UK) and Pdx-1 (1:1500; a kind gift from Professor C. Wright, Department of Cell Biology, Vanderbilt University Medical Center, Nashville, TN, USA) the protocol was repeated with an additional step of microwaving the slides for 20 min and allowing them to cool to room temperature before applying NGS. Diaminobenzidine tetrachloride was added for only 2 min.
Image analysis
Immunolabelled sections were viewed on a Zeiss Axioskop2 light microscope (Carl Zeiss, Jena, Germany) linked to a Zeiss Axiocam digital camera system (Carl Zeiss). Captured micrographs of the islets of Langerhans were morphometrically analysed using the Zeiss KS 300 release 3·0 image anal-ysis software (Carl Zeiss Vision, Hallbergmoos, Germany). Data were exported to MS Excel 97 (Microsoft Corp., Bellevue, WA, USA) and statistically analysed using the Statistica package version 6·1 (Statsoft Inc., Tulsa, OK, USA). Assuming areas labelled for GLUT-2, GK or Pdx-1 represent a measure of the content of each factor in pancreatic sections, all of the pancreas sections were scanned for antibody activity (GLUT-2, GK or Pdx-1 immunoreactivity). The areas labelled for each antigen on each section were then added together and expressed as a percentage of the total islet area measured in that section. An average of the areas immunolabelled for each antigen (GLUT-2 or GK or Pdx-1) in the control sections was taken to equal 1. Similarly, an average of the areas of antigen in each experimental group was calculated and expressed as a ratio of the control areas.
Statistical analysis
The data of each group were compared with the control data and reported as means with their standard errors. Comparisons between the groups were analysed using ANOVA followed by Bonferroni's multiple comparisons for significant tests. Significance was established at P, 0·05.
Results
Weight, glucose and insulin concentrations
HF-G weanlings had lower body weights, while HF-G þ L weanlings were heavier compared with the control weanlings (Table 1) . No differences were found in the body weights of the other weanlings. Apart from the HF-G and HF-G þ L weanlings, which displayed normal glucose levels, hyperglycaemia was evident in all of the weanlings of the other groups (Table 1) . HF-G, HF-G þ L1 and HF-G þ L weanlings were hypoinsulinaemic, with normal circulating insulin concentrations evident in the other weanling groups (Table 1) .
Glucose transporter-2 mRNA expression and immunoreactivity
Apart from HF-G weanlings, where no significant differences in GLUT-2 mRNA expression was found, GLUT-2 mRNA expression was reduced at least 25-fold in all of the weanlings ( Table 2 ). In contrast, GLUT-2 immunoreactivity was increased approximately 4-fold in all of the weanlings (Table 2) .
Glucokinase mRNA expression and immunoreactivity
Apart from HF-G and HF-G þ L1 weanlings, GK mRNA expression was reduced 1·6-to 4-fold in all of the weanlings (Table 2) . GK immunoreactivity was reduced 1·6-to 1·9-fold in all of the weanlings, except for HF-G and HF-L weanlings, which displayed normal immunoreactivity for GK (Table  2) .
Pancreatic duodenal homeobox-1 mRNA expression and immunoreactivity
Pdx-1 mRNA expression was 11-fold higher in HF-G þ L weanlings, with a 3·5-fold in reduction in HF-L weanlings ( Table 2 ). The expression profiles for Pdx-1 mRNA in remaining weanling groups were normal. Normal levels of Pdx-1 immunoreactivity were found in all of the weanlings (Table 2) .
Discussion
The present study reports the effects of an HFD on b-cell function in relation to the expression profiles of key b-cell genes in weanling offspring from dams maintained on an HFD. Hyperglycaemia has been suggested to be the causative factor for the deterioration of b-cell function and the resulting loss of insulin secretory capacity and reduced GK immunoreactivity in the sand rat (Psammomys obesus) maintained on a high-energy diet (Jorns et al. 2002) . In the present study, hyperglycaemia was present in weanlings with both reduced and normal circulating insulin concentrations. However, in HF-G þ L1 weanlings, hypoinsulinaemia understandably contributes to the hyperglycaemic state. In HF-G þ L2, HF-G þ L3 and HF-L weanlings, hyperglycaemia arises despite normal insulin levels. Furthermore, exposure to a maternal HFD, during lactation only, was sufficient to induce hyperglycaemia in weanling offspring. What these low or normal insulin concentrations, in the face of hyperglycaemia, show, is the inability of the animals, at this stage, to restore glucose homeostasis. Insulin resistance, with accompanying hyperglycaemia, induces hypersecretion of insulin from the b-cells, resulting in hyperinsulinaemia, and an impairment of this adaptation has already been suggested to result in the development of type 2 diabetes (Porte, 1991; Kahn et al. 1993) . Interestingly, in the present study, there is the absence of hyperinsulinaemia in the hyperglycaemic weanlings and this may represent an inability to effect this adaptation to correct the hyperglycaemia observed after the HFD challenge. 
G, gestation; L, lactation; L1, first week of lactation; L2, second week of lactation; L3, third week of lactation. * Mean value was significantly different from that for the control group (P¼ 0·05).
† Weanlings were from dams fed an HF diet throughout gestation (HF-G) and for the first (HF-G þ L1), second (HF-G þ L2) or third (HF-G þ L3) week of lactation, or throughout both gestation and lactation (HF-G þ L), or only throughout lactation (HF-L). Weanlings in the control group are from dams maintained on a standard laboratory diet throughout both gestation and lactation. ‡ Twenty-six to thirty-two weanlings per group. § Twenty-four to thirty-two weanlings per group. k Twenty to twenty-four weanlings per group.
The reduced expression of the key b-cell enzyme, GK, may also contribute to this inability to adapt and correct the resulting hyperglycaemia.
Interestingly, HF-G þ L weanlings were found to have normal blood glucose concentrations, and this could possibly be related to exposure of the HFD throughout gestation and in the three postnatal weeks, unlike the dietary switch that occurred in the other experimental groups. This persistent HFD exposure may have programmed these progeny to adapt to the diet and therefore confer the ability to maintain glucose homeostasis. Studies in adult rats have shown that high-fat feeding resulted in increased glucose concentrations, reduced insulin concentrations and induced insulin resistance (Kim et al. 1995; Ahren et al. 1999) . Although glucose levels were normal in HF-G þ L weanlings, the HFD had induced hypoinsulinaemia. Interestingly, in age 28 d male Wistar rats fed a low-protein diet for 8 weeks, there was a significant reduction in insulinaemia, but glycaemia was unaltered (Delghingaro-Augusto et al. 2004) , as was found in our HF-G þ L weanlings. We postulate that, if HF-G þ L weanlings had been maintained for a longer term on an HFD, they may eventually have reached a point of saturation and become hyperglycaemic.
Similar to HF-G þ L weanlings, normoglycaemia was accompanied by hypoinsulinaemia in HF-G weanlings. In a study on offspring from dams fed a low-protein diet during gestation, then a normal diet after weaning, blood glucose concentrations were normal at age 28 d, with reduced blood insulin concentrations and reduced volume density of the endocrine pancreas (Dahri et al. 1991) . Another study reported that weanlings exposed to a low-protein diet had lower body weights, with normal serum glucose levels and reduced serum insulin levels (Latorraca et al. 1998) . In HF-G weanlings, GLUT-2 mRNA expression, and both GK and Pdx-1 mRNA expression and immunoreactivity were normal. This appears to ensure normoglycaemia, but the HFD intervention, during gestation only, is sufficient to induce hypoinsulinaemia. In the HF-G þ L weanlings, however, GLUT-2 mRNA expression and both GK mRNA expression and immunoreactivity is reduced. This suggests that intervention with a low-fat-diet, during lactation, a critical window of development, leads to the recovery of some b-cell function.
In isolated b-cells, the responsiveness of the individual b-cell is determined by the function of its glucose recognition apparatus (Heimberg et al. 1996; Ling et al. 1996) . In most of the weanlings, hyperglycaemia was accompanied by impaired GK expression. The ability of insulin to be secreted in response to glucose would be dependent, in part, on the ability of GK to metabolise glucose. Reduced GK expression, as found in most of our weanlings, may well then compromise b-cell function. A recent study reported that weanling rats from dams maintained on a low-protein diet, throughout gestation and weaning, displayed reduced insulin secretion and a reduction in the K m value and protein expression for GK (determined by Western blotting) (Heywood et al. 2004) . We have now shown that weanlings from dams fed an HFD throughout both gestation and lactation (HF-G þ L weanlings) had reduced GK mRNA and protein expression (determined by immunohistochemical analysis). The present study therefore supports the hypothesis that nutrition during the critical periods of development, such as in utero and during lactation, programmes certain metabolic processes to adapt to this particular level of nutrition throughout life (Hales & Barker, 1992) .
A study showed no increase in body weight in rats after 2 weeks of high-fat feeding, but an increase after 4 and 8 weeks (Ahren et al. 1999) . In the present study, HF-G þ L weanlings, exposed to an HFD throughout both gestation and lactation for a total period of 6 weeks, were significantly heavier. In contrast, the other weanlings had normal or reduced body weights after exposure to a maternal HFD for 3-4 weeks. This suggests that a longer term of HFD challenge is required to induce a significant weight gain. The lower body weights in the HF-G weanlings may be attributed to the dietary switch of their mothers that were first fed an HFD during gestation, then a standard laboratory (low-fat) diet throughout lactation. The dams have a preference for the HFD (Cerf et al. 2005) ; therefore they consumed a reduced amount of nutrients during lactation which may have a role in the compromised growth of their offspring. Another factor contributing to the 
G, gestation; L, lactation; L1, first week of lactation; L2, second week of lactation; L3, third week of lactation. * Mean value was significantly different from that for the control group (P¼ 0·05). † Weanlings were from dams fed an HF diet throughout gestation (HF-G) and for the first (HF-G þ L1), second (HF-G þ L2) or third (HF-G þ L3) week of lactation, or throughout both gestation and lactation (HF-G þ L), or only throughout lactation (HF-L). Weanlings in the control group are from dams maintained on a standard laboratory diet throughout both gestation and lactation. ‡ Ten weanlings per group. § Six weanlings per group. low body weights is the hypoinsulinaemia evident in the HF-G weanlings, as insulin is an important growth factor (Fowden, 1993) .
In most of the weanlings, both Pdx-1 mRNA expression (which only differed in HF-G þ L and HF-L weanlings) and immunoreactivity were relatively normal, displaying the ability of the animals to maintain adequate expression of this key transcription factor despite the HFD challenge. However, GLUT-2 was underexpressed at mRNA level, but overexpressed at protein level in all of the weanlings studied, which shows the differential effect of the HFD treatment on the expression of GLUT-2 mRNA and protein expression. Some studies have reported no correlation between mRNA and protein expression in several genes, suggesting the importance of post-translational mechanisms controlling gene expression (Gygi et al. 1999; Gorovits et al. 2003) . The metabolic milieu, i.e. HFD-induced hyperglycaemia, may affect translational and/or post-translational processing or the stability of GLUT-2 may be increased in a diabetic state as suggested for GLUT-8 protein regulation (Gorovits et al. 2003) .
Conclusions
An HFD induced significant changes in circulating glucose and insulin concentrations and in the expression of the glucose-sensing genes, GLUT-2 and GK, while Pdx-1 expression was least affected. This suggests that metabolic changes are taking place enabling the animal to adapt physiologically in order to maintain glucose homeostasis after the HFD challenge. Hyperglycaemia was found to be accompanied by reduced GK expression, suggesting a role of this glycolytic enzyme in the declining b-cell function.
